Most of the resource subsidies are temporally variable, and studies have revealed that ecological 20 processes can be mediated by the temporal attributes of subsidies, such as timing and frequency. 21 Less studies have, however, examined the effects of the subsidy duration, an another major 22 temporal attribute, on consumer populations, communities and ecosystem functions. Using an 23 outdoor mesocosm experiment, we demonstrated that, even with the same total amounts, the 24 prolonged subsidy let large-stage fish effectively monopolize the subsidy over small-stage fish, 25 while the pulsed subsidy allowed small-stage fish to increase the ingestion rate of the subsidy. 26 This effect resulted in causing weaker indirect positive effects on in-situ benthic prey and a leaf 27 breakdown rate with the prolonged subsidy than with the pulsed-subsidy although it depended on 28 dominant benthic prey species having different edibility. Increasing evidences have shown that 29 global warming would not only advance, but also prolong the growing seasons, which may, in 30 turn, make subsidies more prolonged. The ecological significance of the subsidy duration might 31 be common in nature, and should be incorporated to better understand ecological processes in 32 spatially and temporally coupled ecosystems. 33 34 35 36 37
Introduction 38 Resource subsidies that link heterogeneous habitats are ubiquitous in natural ecosystems 39 (Polis et al. 1997 ) and often vary temporally, such as returning salmons (Gende et al. 2002) , 40 emergences of arthropods (Nakano and Murakami 2001) and storm-driven sea weeds (Spiller et 41 al. 2010) . Teasing apart the effects of temporal attributes (magnitude, timing and duration) of the 42 resource subsidies is thus important to understand population-, community-and ecosystem-43 dynamics (Yang et al. 2008; Richardson and Sato 2015) , as well as to forecast the effects of 44 climate changes on those dynamics (Larsen et al. 2016; O'Gorman 2016) . Previous studies have 45 demonstrated that seasonal timing of resource subsidies is a critical component in structuring 46 consumer populations and seasonal organization of communities (Takimoto et al. 2002; Leroux 47 and Loreau 2013; Sato et al. 2016 ). On the other hand, seasonal duration may also be important 48 because it would regulate consumer responses if, for example, pulsed inputs satiate consumer's 49 capacity of handling and/or assimilating subsidies (Armstrong and Bond 2013; Uno 2016) , 50 which may in turn affect communities and ecosystem processes (Holt 2008) . While global 51 warming is well-known to advance peak timing of growing season, it also leads longer growing 52 seasons (CaraDonna et al. 2014) . This suggests that resource subsidies may be prolonged under 53 climate changes. However, until recently less studies have directly tested the effects of subsidy 54 duration on the dynamics of consumer populations and their communities (Richardson and Sato 55 2015). 56 A key mechanism by which the subsidy duration affects consumer responses would be 57 contrasting resource partitioning among consumer individuals between pulsed and prolonged 58 subsidies even with the same total amounts of subsidies. Specifically, pulsed subsidies would 59 result in an equivalent resource partitioning among consumers because individuals cannot fully 60 monopolize the subsidies due to their limited handling and/or assimilation capacities (Uno 2016) . 61 Contrary to the pulsed subsidies, prolonged subsidies would give an opportunity for some 62 individuals to gain more subsidies over other individuals due to intraspecific variations in 63 handling/ assimilation capacities (Uno 2016) and ability of interference competition (Sato and 64 Watanabe 2014). As a consequence, amount of body size variation of consumers may become 65 higher with the prolonged subsidies than with the pulsed subsidies. 66 The consumer responses to the subsidy duration may further affect communities and 67 ecosystem functions in recipient ecosystems. If the prolonged subsidies let competitively 68 superior individuals to dominate the subsidies, inferior individuals would maintain their 69 predation pressure on in-situ prey (i.e., size-dependent functional response: Sato and Watanabe 70 2014). Consequently, the positive indirect effects of the subsidies on in-situ prey are likely to be 71 weaker with the prolonged subsidies than with the pulsed subsidies. 72 4 Here, we provide the first experimental test of the effects of the subsidy duration on stream 73 ecosystems by using an outdoor mesocosm experiment, in which we directly manipulated the 74 subsidy duration (pulsed vs. prolonged) of terrestrial invertebrate input into the mesocosms. In 75 this study, we tested (1) whether the variation of individual growth rate and amount of body size 76 variation of consumers (red-spotted masu salmon Oncorhynchus masou ishikawae) become 77 higher with the prolonged subsidy than with the pulsed subsidy; if so, (2) cascading indirect 78 effects of the subsidy on in-situ prey (benthic invertebrates) and an ecosystem function (leaf 79 break-down rate) are weaker with the prolonged subsidy than with the pulsed subsidy (Sato and 80 Watanabe 2014).
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Materials and Methods
83
Experimental design of resource subsidy duration 84 To test the duration effect of a seasonally occurring terrestrial invertebrate subsidies on stream 85 ecosystems, we conducted an outdoor mesocosm experiment, in which we artificially added 86 commercially available mealworms (larvae of beetle Tenebrio molitor) into the mesocosms at 87 different duration (pulsed = 30 days vs. prolonged = 90 days), keeping the total amounts and 88 peak timing of the mealworm inputs. Specifically, in the pulsed-subsidy mesocosms, mealworms 89 were added intensively but briefly at the rate of 90 mg dry mass/ m 2 / day for 30 days at a middle 90 of the experimental period (i.e., from 30th to 60th days). On the other hand, mealworms were 91 added throughout the experimental period (i.e., 90 days) at the rate of one third of the pulsed 92 treatment (i.e., 30 mg/m 2 /day) in the prolonged-subsidy mesocosms. To separate the duration 93 effects from the effects of the resource subsidy per se, we used control mesocosms where no 94 mealworms were added. The durations (30 and 90 days) and input rates (30 and 90 mg/m 2 /day) 95 are set within the natural ranges of the terrestrial invertebrate inputs in temperate streams 96 (Nakano and Murakami 2001; Kawaguchi et al. 2002; Sato et al. 2011; Sato et al. 2016 each streamside (12 pools in total). Each pool was fed by stream water (40 cm in water depth) 105 that was siphoned from the upstream of the experimental sites in each stream with approximately 106 0.6 m 3 / sec discharge, which make mealworms naturally drift within the pool. At least one month 107 5 before the onset of the experiment, we added natural gravels into each pool at several centimeters 108 depth, which allowed natural colonization of benthic invertebrates (i.e., in-situ prey). In addition 109 to the natural colonization, we transferred benthic invertebrates collected from 6.0 m 2 of natural 110 stream beds in a nearby stream by randomly collecting 67 quadrats (surber sampler: 0.09 m 2 in 111 area with 250 μm in mesh size). This would make the community composition of benthic 112 invertebrate community similar among mesocosms at the onset of the experiment. The four 113 blocks (L × W × H: 39 × 10 × 19 cm) were evenly placed on the gravel beds to make the habitat 114 complexity that could relax the interference interaction among fish, otherwise the interaction 115 would be strong due to the artifactitious simple habitat structure within the pools. 116 One week before the onset of the experiment, we captured red-spotted masu salmon 117 Oncorhynchus masou ishikawae (hereinafter, masu salmon) in a nearby stream and released them 118 into each pool. Four small fish (average ± SE: 90 ± 5 mm in fork length, n = 12 mesocosms) and To evaluate the contribution of each prey category (mealworms, other terrestrial invertebrates 129 and benthic invertebrates) to fish diets, masu salmon were captured by electrofishing once during 130 the last week of each subsidy treatments (i.e., ≈60 days and 90 days in the pulsed-and 131 prolonged-subsidy mesocosms, respectively). Although a single assay of fish diet would 132 inevitably be a snapshot, we did not repeat the assay during each subsidy period because we 133 were afraid that multiple-electrofishing over such a short period in a small mesocosm would 134 adversely affect masu salmon's behavior and/or physiology. To compensate for potential bias 135 caused by the snapshot assay, we carefully chose weather conditions (i.e., fair weather) and a 136 time period (14:00 to 16:00) for catching masu salmon. We collected the stomach contents of 4-6 137 masu salmon per each mesocosm (>20 masu salmon per treatment). After capture, masu salmon 138 were measured as described above, and their stomach contents were quickly pumped. The To measure the responses of benthic invertebrates (mainly, shredder invertebrates) and a leaf 148 break-down rate, we placed three litter packs (made of ≈ five air-dried leaves of Acer rufinerve, a 149 common riparian tree, with stems tied together, and approximately 0.73 ± 0.10 g in weight) in 150 each pool at the onset of the experiment. Each litter pack was directly anchored to a cobble so 151 that the litter packs were located on the gravel beds throughout the experiment. At the end of the 152 experiment, individual litter pack was collected delicately by a small hand-net (0.5 mm in mesh 153 size). The litter packs were then placed in a tray and well-rinsed to remove all invertebrates from 154 the litter packs. All benthic invertebrates were preserved in 70% ethanol, and individuals were 155 identified to the family, genus or species depending on the taxa. The litter packs were dried for 156 72 h at 30 °C and weighed in the laboratory. We did not measure ash-free dry mass (AFDM) 157 because litter packs were well-rinsed in the field and very little inorganic material was expected. Table 1a ). However, the effects of the subsidy duration and fish stage 201 were additive, not synergetic (the interaction term was not significantly improved the model fit: 202 log-likelihood ratio test: P = 0.32; Fig 1A) , suggesting that the large-fish stage did not further 203 increase the ingestion rate of the increased subsidy in the pulsed-subsidy mesocosms compared 204 with prolonged-subsidy mesocosms. As a consequence, the small-stage fish in the pulsed-subsidy 205 mesocosms consumed, on average, 3.2 times more mealworms (0.10 ± 0.05 mg/ 100 mg mass of 206 fish) than those in the prolonged subsidy mesocosms (0.03 ± 0.01) ( Fig. 1A) , although fish could 207 gain mealworms for three-times longer period in the prolonged subsidy than in the pulsed 208 subsidy mesocosms. 209 Growth responses of masu salmon mirrored the way of the resource partitioning among 210 masu salmon under different subsidy durations. Specifically, either subsidies increased the 211 growth rate of masu salmon in comparison with control mesocosms (GLMM, treatment: F2, 59 = 212 8 20.94, P < 0.0001; Fig. 2A ). However, the large-stage salmon that received the prolonged 213 subsidy grew, on average, 89% faster than those that received the pulsed subsidy (treatment × 214 fish stage: F2, 59 = 15.17, P < 0.0001; Fig. 2A, Table 1c ). On the other hand, small-stage salmon 215 that received the prolonged subsidy grew, on average, 33% slower than the small salmon that 216 received the pulsed subsidy ( Fig. 2A ).
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A population-level consequence of receiving different subsidy durations was found for the 218 amount of body size variation of masu salmon (Fig. 2B, C) . For instance, the body size of masu 219 salmon was more variable in the prolonged-subsidy mesocosms (average CV = 0.25, n= 4) than 220 those observed in the pulsed-and control-mesocosms (average CVs: pulsed = 0.18; control = 221 0.18; Fig. 2B ). In the prolonged-subsidy mesocosms, most of the large-stage fish reached Cascading effects on in-situ prey and leaf break-down rate 227 Overall, there was a significant negative correlation between the ingestion rates of 228 mealworms and benthic invertebrates, i.e., in-situ prey (Pearson's correlation: r = -0.31, P = 229 0.047, n = 42), suggesting the functional response of masu salmon to the mealworm subsidy. The 230 ingestion rates of benthic invertebrates were significantly lower in either subsidy mesocosms 231 than those in the control mesocosms [mean ± SE (n = 4 mesocosms); 0.0118 ± 0.007 mg/ 100 mg 232 dry mass of fish; GLMM, treatment: F2, 59 = 9.71, P = 0.0002; Table 1b ). The trend was more 233 pronounced in the pulsed-subsidy mesocosms (0.0017 ± 0.002) compared to the prolonged-234 subsidy mesocosms (0.0068 ± 0.008) because clustering the two subsidy treatments significantly 235 reduced the model fit; log-likelihood ratio test: P < 0.05). Ingestion rate of benthic invertebrates 236 highly varied among individuals and thus was not significantly related to the fish-stage (F1, 59 = 237 3.08, P = 0.09; Table 1b ), although smaller individuals tended to ingest more benthic 238 invertebrates (correlation between body size and benthic ingestion rate: r = -0.24, P = 0.052, n = 239 42). 240 In the litter packs, midge larvae (Chironomidae species) that colonized the litter surface 241 occupied a large proportion (97%) of the total abundance of benthic invertebrates in the st. 242 Mizukoshi. On the other hand, isopods (Asellus sp.) that prefer the inside of litter pack 243 dominated the benthic invertebrates (96 %) in the st. Azodani. Probably due to this difference in 244 microhabitat use between the two dominant taxa, a possible indirect positive effects of the 245 subsidies on the total abundance of benthic invertebrate was found in the st. Mizukoshi, but not 246 in the st. Azodani (Fig. 3A, Table1d) . In st. Mizukoshi, total abundances of benthic invertebrates 247 9 were higher in either subsidy mesocosms than those in the control mesocosms (Fig. 3A , Table   248 1d). Furthermore, the benthic invertebrates were, on average, 31% lower in the prolonged-249 subsidy mesocosms than those in the pulsed-subsidy mesocosms, indicating indirect positive 250 effect in the prolonged-subsidy than in the pulsed-subsidy mesocosms (Fig 3A) . 251 Further cascading effect on leaf breakdown rate was also found in the st. Mizukoshi, but not 252 in the st. Azodani (GLMM: treatment × site, F2, 29 = 7.33, P = 0.003; Fig. 3B, Table 1e ). In the st. 253 Mizukoshi, the leaf breakdown rate was significantly faster in either subsidy mesocosms than 254 those in the control mesocosms (Fig. 3B, Table 1e ). However, the leaf breakdown rate was, on 255 average, 20% slower in the prolonged-subsidy than in the pulsed-subsidy mesocosms, suggesting 256 the cascading effect in the former than in the latter subsidy mesocosms ( Fig 3B; Table 1e ). Duration-dependent resource partitioning and population structure of consumer 273 Resource partitioning can strongly regulate individual growth rate and size-structure of consumer 274 populations, which in turn affect community organizations and stability (Bolnick et al. 2011; 275 Rudolf and Lafferty 2011). In riparian ecosystems, the terrestrial invertebrate is commonly a 276 dominant prey resource for stream fishes from summer to autumn seasons (Nakano and 277 Murakami 2001) when our experiment was conducted. In the mesocosm experiment, we found 278 that the prolonged mealworm subsidy let large-stage fish effectively monopolize the subsidy 279 over small-stage fish, while the pulsed subsidy allowed small-stage fish to increase the ingestion 280 rate of the subsidy. The way of these resource partitioning under different subsidy durations were 281 well-translated to the individual growth rate of fish consumers. Consequently, the prolonged 282 10 subsidy generated more size-varied masu salmon population than the pulsed subsidy did. Masu 283 salmon reached mature body size only in the prolonged subsidy mesocosms, suggesting that the 284 prolonged subsidy may facilitate the numerical response of masu salmon. 285 While we did not conduct the detailed behavioral and physiological assays, the size-based 286 interference competition, as well as the food saturation and assimilation capacity of large-stage 287 fish, would cause the contrasting resource partitioning under the two different subsidy durations. 288 Specifically, the size-based interference competition is known to strongly regulate resource 289 partitioning in stream salmonid fishes, including red-spotted masu salmon (Nakano 1995; 290 Nakano et al. 1999) . In this regard, we previously demonstrated that large masu salmon less 291 foraged during daytime with high subsidy input, which resulted in an increased ingestion rate of 292 subsidy for small masu salmon due to the weakened interference from large to small fish (Sato 293 and Watanabe 2014). Furthermore, although masu salmon experienced the same total amount of 294 subsidy, the specific growth rate and the eventual body size of large-stage fish were smaller in 295 the pulsed-subsidy than those in the prolonged-subsidy mesocosms, suggesting that an 296 assimilation capacity constrained the growth rate of the large-stage fish during the pulsed 297 subsidy. 298 The interference competition is a ubiquitous form of competition among animals especially 299 at higher trophic levels. Assimilation capacity is a common constrain for organisms to capitalize Table 1 . Results of GLMM models for ingestion rates of mealworms (a) and benthic invertebrates (b), specifice growth rate of individual masu salmon (c), abundance of benthic invertebrates in a litter pack (d), and leaf break-down rate (e). In the GLMM analyses, Pulsed subsidy, Large-stage fish and st. Azodani were used as the contrasts with the subsidy treatments, fish stage and site, respectively. 
